This study focused on the investigation of the effects of the PI motif and C-terminus of the Oncidium Gower Ramsey MADS box gene 8 (OMADS8), a PISTILLATA (PI) ortholog, on floral organ formation. 35S::OMADS8 completely rescued and 35S::OMADS8-PI (with the PI motif deleted) partially rescued petal/stamen formation, whereas these deficiencies were not rescued by 35S::OMADS8-C (C-terminal 29 amino acids deleted) in pi-1 mutants. OMADS8 could interact with Arabidopsis APETALA3 (AP3) and enter the nucleus. The nuclear entry efficiency was reduced for OMADS8-PI/AP3 and OMADS8-C/AP3. OMADS8 could also interact with OMADS5/OMADS9 (the Oncidium AP3 ortholog) and enter the nucleus with an efficiency only slightly affected by the deletion of the C-terminal sequence or PI motif. However, the stability of the OMADS8/OMADS5 and OMADS8/OMADS9 complexes was significantly reduced by deletion of the C-terminal sequence or PI motif. Further analysis indicated that the expression of genes downstream of AP3/PI (BNQ1/BNQ2/GNC/At4g30270) was compensated by 35S::OMADS8 and 35S::OMADS8-PI to a level similar to wild-type plants but was not affected by 35S::OMADS8-C in the pi-1 mutants. A similar FRET (fluorescence resonance energy transfer) efficiency was observed for Arabidopsis AGAMOUS (AG) and the Oncidium AG ortholog OMADS4 for OMADS8, OMADS8-PI and OMADS8-C. These results indicated that the OMADS8 PI motif and C-terminus were valuable for the interaction of OMADS8 with the AP3 orthologs to form higher order heterotetrameric complexes that regulated petal/stamen formation in both Oncidium orchids and transgenic Arabidopsis. However, the C-terminal sequence and PI motif were dispensable for the interaction of OMADS8 with the AG orthologs.
Introduction
The formation of flower organs (sepal, petal, stamen and carpel) has been proposed to be regulated by an ABCE model through the interaction of four classes of homeotic genes (named ABCE genes) in plants (Coen and Meyerowitz 1991 , Theissen 2001 , Litt and Kramer 2010 . Most ABCE genes encode a MADS box protein that plays a central role in flower development (Coen and Meyerowitz 1991 , Purugganan et al. 1995 , Theissen et al. 2000 , Theissen and Saedler 2001 , Litt and Kramer 2010 .
APETALA3 (AP3) and PISTILLATA (PI) are B functional genes that work together with the A/E and C/E genes to perform their function in specifying second whorl petal and third whorl stamen development, respectively (Jack et al. 1992 , Goto and Meyerowitz 1994 , Jack et al. 1994 , Kramer et al. 1998 , Winter et al. 1999 , Hernandez-Hernandez et al. 2007 , Kanno et al. 2007 , Whipple et al. 2007 , Irish 2009 ). An identical phenotype was observed in Arabidopsis ap3 or pi mutants due to the conversion of the second whorl petal into a sepal structure and the third whorl stamen into a carpel structure (Bowman et al. 1989 , Jack et al. 1992 , Goto and Meyerowitz 1994 . The conserved functions of AP3 and PI during evolution are evidenced by the production of similar second whorl sepallike and third whorl carpel-like structures in the AP3 and PI ortholog mutants from core eudicot species (Sommer et al. 1990 , Tröbner et al. 1992 , Angenent et al. 1993 , van der Krol et al. 1993 , Yu et al. 1999 , Vandenbussche et al. 2004 , de Martino et al. 2006 , basal eudicot species (Drea et al. 2007 , Kramer et al. 2007 , Lange et al. 2013 ) and monocot species (Ambrose et al. 2000 , Nagasawa et al. 2003 , Prasad and Vijayraghavan 2003 , Yadav et al. 2007 , Yao et al. 2008 .
Although the ability of B class proteins to form homodimers has been reported in gymnosperms and the paleoAP3 and PI lineages of some non-grass monocots (Winter et al. 1999 , Tzeng and Yang 2001 , Hsu and Yang 2002 , Winter et al. 2002 , Kanno et al. 2003 , Tsai et al. 2004 , Tsai et al. 2005 , Chang et al. 2010 , Chen et al. 2012 , AP3 orthologs in the euAP3 lineage and most paleoAP3 lineages interact with PI to form heterodimers to regulate petal and stamen development (Schwarz-Sommer et al. 1992 , Tröbner et al. 1992 , Riechmann et al. 1996 , Moon et al. 1999 , Vandenbussche et al. 2004 , Yao et al. 2008 ). AP3-PI heterodimers have been proposed further to form higher order heterotetrameric complexes with E functional SEP proteins and C functional AGAMOUS (AG) proteins to control petal and stamen development (Honma and Goto 2001 , Theissen and Saedler 2001 , Immink et al. 2009 , Smaczniak et al. 2012 .
Several studies have explored whether specific motifs (i.e. the non-conserved C-terminus) are important for the ability of AP3 or PI orthologs to form heterotetrameric complexes with other MADS proteins in order to perform their functions. In dicots such as Arabidopsis, peas (Pisum sativum) and legumes (Medicago truncatula), the lack of the C-terminal PI motif in PI orthologs did not affect their function in specifying floral organ identity (Berbel et al. 2005 , Piwarzyk et al. 2007 , Benlloch et al. 2009 ). However, in the basal eudicot California poppy (Eschscholzia californica) the truncation of the C-terminus (including the PI motif) of the PI ortholog SEI caused a typical B class pi mutant phenotype (Lange et al. 2013) . Deletion of the C-terminus of HoPI [a PI ortholog of the basal angiosperm Hedyosmum orientale (Chloranthaceae)] resulted in the complete abolishment of its ability to undergo homodimerization (Liu et al. 2013 ). We previously reported that both paleoAP3 and the PI-derived motifs of the monocot lily paleoAP3 ortholog LMADS1 and the 29 amino acids in the C-terminus (including the conserved PI motif) of the lily PI ortholog LMADS8 were essential for their ability to form hetero-or homodimers and to function (Tzeng et al. 2004 , Chen et al. 2012 . Therefore, whether the PI motif and the C-terminal region in B functional MADS proteins play an important role in their function requires further investigation.
Unlike Arabidopsis, more than two duplicated AP3/DEF-like genes have been identified in many orchid species among different subfamilies of Orchidaceae, such as Vanilla planifolia (subfamily Vanilloideae), Phragmipedium longifolium (subfamily Cypripedioideae), Spiranthes odorata (subfamily Orchidoideae), Phalaenopsis equestris, Dendrobium crumenatum and Oncidium Gower Ramsey (subfamily Epidendroideae) (Hsu and Yang 2002 , Tsai et al. 2004 , Xu et al. 2006 , Kim et al. 2007 , Mondragon-Palomino and Theissen 2008 , Chang et al. 2010 , Mondragon-Palomino and Theissen 2011 , Aceto and Gaudio 2011 . AP3/DEF-like genes in orchids are grouped into four clades that are characterized by specific expression patterns (Mondragon-Palomino and Theissen 2008, MondragonPalomino et al. 2009 ). In O. Gower Ramsey, OMADS5 (clade 1) was highly expressed in the petals/sepals but undetectable in the lips. OMADS9 (clade 3) was detected at high levels in the lips and petals, and OMADS3 (clade 2) was expressed in all perianths (Chang et al. 2010 , Hsu et al. 2015 . Interestingly, OMADS12 (clade 4) was expressed in the stamen and carpel, but its expression was completely absent in the sepal/petal/lips (Hsu et al. 2015) . This result suggested that the clade 4 OMADS12 gene should not be involved in general perianth organ formation in Oncidium orchids (Hsu et al. 2015 ). In contrast to OMADS12, the clade 4 genes in P. longifolium (PhlonDEF4) and P. equestris (PeMADS4) are expressed in a conserved pattern in all perianths, with a relatively higher expression in the lips (Tsai et al. 2004 , Mondragon-Palomino and Theissen 2008 , Mondragon-Palomino and Theissen 2011 , Pan et al. 2011 .
In contrast to the AP3/DEF-like genes, only one PI-like B class gene was identified in most orchids; its function together with that of A class and C class genes remained unchanged when compared with the modified ABC model (Kanno et al. 2003 , Mondragon-Palomino and Theissen 2008 , MondragonPalomino and Theissen 2011 . The O. Gower Ramsey PI ortholog OMADS8 was expressed in all perianths and the stamen/ carpel (Chang et al. 2010 , Hsu et al. 2015 . We recently reported that OMADS8 could interact with AP3 orthologs [OMADS5 (clade 1) and OMADS9 (clade 3)] and AGL6-like proteins [OMADS7 (renamed OAGL6-1) and OMADS1 (renamed OAGL6-2)], which are most similar to the E functional genes of the MADS-box family in terms of both sequence and function (Rijpkema et al. 2009 , Hsu et al. 2014 , and form higher order heterotetrameric complexes that differentially regulated lip and sepal/petal determination (Hsu et al. 2015) . However, whether the PI motif and the C-terminal region in OMADS8 play a role in the formation of these protein complexes is unknown.
In this study, we used the Oncidium orchid PI ortholog OMADS8 as a candidate to clarify the role of the PI motif and C-terminal region sequences in regulating petal/stamen formation. We showed that the partial and complete loss of the ability of OMADS8 to rescue petal and stamen defects was observed in the 35S::OMADS8-PI (PI motif deleted) and 35S::OMADS8-C (29 amino acids, including the PI motif, deleted in the C-terminus) Arabidopsis pi-1 mutants, respectively. We determined that these 29 amino acids in the C-terminal region played a major role in the OMADS8 regulation of petal and stamen formation by influencing the heterodimerization of OMADS8/AP3, thereby impacting the efficiency of their entrance into the nucleus and their ability to regulate downstream target genes. We also demonstrated that the C-terminal region and PI motif were important for the stability of the OMADS8 interaction with Oncidium AP3 orthologs to form the OMADS8/OMADS5 and OMADS8/OMADS9 complexes. In contrast, the C-terminal region and PI motif of OMADS8 were dispensable for the interaction of OMADS8 with the AG orthologs of Arabidopsis and Oncidium. Our findings revealed that the C-terminal region determined the ability of OMADS8 to form higher order heterotetrameric complexes with AP3 orthologs (but not with AG orthologs) that were required for the regulation of petal/stamen formation in both Oncidium orchids and transgenic Arabidopsis.
Results

Characterization of OMADS8 from an orchid (O. Gower Ramsey)
In contrast to the monocot lilies (Lilium regale, L. formolongi and L. longiflorum) that contain two PI-like genes (Winter et al. 2002 , Akita et al. 2008 , Chen et al. 2012 , there is only one PI ortholog (OMADS8) in the monocot orchid O. Gower Ramsey (Chang et al. 2010) . The OMADS8 protein contains 210 amino acids and shows high sequence identity to the monocot B class protein PI (Chang et al. 2010) . A consensus PI motif (MPFxFRVQPxQPNLQE) that is specifically found in PI orthologs (Kramer et al. 1998 , Moon et al. 1999 ) was identified in its C-terminal region ( Supplementary Fig. S1 ). When the different regions of the orchid OMADS8 and lily LMADS8 proteins were compared with Arabidopsis PI, OMADS8 showed a higher sequence identity to the PI MADS, K and I regions than LMADS8 ( Supplementary Fig. S1 ). OMADS8 showed 78% identity to Arabidopsis PI in the MADS domain (45/58), whereas LMADS8 showed 72% identity (42/58). OMADS8 showed 60% identity in the K domain (58/96), whereas LMADS8 showed 51% identity (49/96). Finally, OMADS8 showed 42% identity to the short I region (5/12), whereas LMADS8 showed 33% identity (4/12).
The ectopic expression of OMADS8 converted sepals into petal-like structures in transgenic Arabidopsis plants
To investigate the function of OMADS8, cDNA for OMADS8 driven by the Cauliflower mosaic virus (CaMV) 35S promoter was transformed into Arabidopsis for functional analysis. A total of 22 out of 26 independent 35S::OMADS8 transgenic Arabidopsis plants showed identical altered phenotypes. Different from wild-type flowers (Fig. 1A-C) , the conversion of the first whorl green sepals into elongated green/white petallike structures (Fig. 1D-F ) was observed in these 35S::OMADS8 flowers. Additionally, similar to the wild-type second whorl petals (Fig. 1A, B) , these first whorl green/white petal-like structures in the 35S::OMADS8 flowers were elongated and separated immediately after flower opening (Fig. 1D, E) . When the epidermal cells of the abaxial side ( Fig. 2A-2 ) of these first whorl petal-like structures were examined, a similar cell morphology to the wild-type second whorl petal epidermal cells ( Fig. 2A-5 , -6) was observed in the white portion of the petal-like structures ( Fig. 2A-2 ), which were distinct from the first whorl sepal epidermis observed in the wild-type flowers ( Fig. 2A-1) . The length of these first whorl green/white petallike structures in the 35S::OMADS8 plants (2.0 mm) was longer than that of the first whorl sepal in the wild-type plants (1.5 mm) (Fig. 2B) . However, the length of the second whorl petal (2.1 mm) was not affected in the 35S::OMADS8 plants (Fig. 2C) .
Quantitative real-time PCR (qPCR) analysis was performed to determine whether the production of this elongated green/ white petal-like phenotype was correlated with OMADS8 expression in the transgenic plants. As shown in Supplementary  Fig. S2A , higher OMADS8 expression was observed in transgenic plants with a severe phenotype compared with transgenic plants with wild-type-like phenotypes. This result confirmed that the phenotypes observed in the 35S::OMADS8 transgenic Arabidopsis plants were due to the ectopic expression of the OMADS8 gene.
The ectopic expression of truncated OMADS8 with deletions of the C-terminal sequence or PI motif reduced the ability to convert sepals into petallike structures in transgenic Arabidopsis plants
To investigate the function of the C-terminal region of OMADS8, two truncated versions of OMADS8 in which either the PI motif (OMADS8-PI) or the 29 amino acids of the Cterminal sequence (including the PI motif; OMADS8-C) were deleted ( Supplementary Fig. S1 ) were constructed and transformed into Arabidopsis for functional analysis. A total of eight out of 15 independent 35S::OMADS8-PI transgenic Arabidopsis plants showed altered phenotypes in flower development. Compared with the full-length OMADS8 that caused the strong conversion of the sepal into elongated green/white petal-like structures ( Fig. 1D-F) , OMADS8-PI caused the conversion of the sepal into a petal-like structure in a relatively weak manner (Fig. 1G-I ). These first whorl petal-like structures in the 35S::OMADS8-PI flowers were slightly longer (1.7 mm) than the wild-type sepals (1.5 mm) (Fig. 2B ) and separated after flower opening (Fig. 1G, H) . The cell morphology of the epidermal cells in these first whorl petal-like structures ( Fig. 2A-3 ) was between that of the wild-type petal ( Fig. 2A-5 , -7) and sepal epidermal cells ( Fig. 2A-1) .
Interestingly, 11 out of 19 independent 35S::OMADS8-C transgenic plants showed a very slight conversion of the sepal to petal-like structures (Fig. 1J-L) , although the phenotype was clearly much weaker compared with the phenotype in the OMADS8-PI and full-length OMADS8 plants. These first whorl petal-like structures in the 35S::OMADS8-C flowers were only slightly longer (1.6 mm) than the wild-type sepals (1.5 mm) (Figs. 1K, L, 2B). The cell morphology of the epidermal cells in these first whorl petal-like structures ( Fig. 2A-4 ) was more similar to the wild-type sepal epidermal cells ( Fig. 2A-1 ) than the petal epidermal cells ( Fig. 2A-5, -8 ). Similar to the results in the 35S::OMADS8 flowers, the length of the second whorl petal (2.1 mm) was not affected in the 35S::OMADS8-PI and 35S::OMADS8-C plants (Fig. 2C) .
qPCR analysis indicated that higher OMADS8-PI and OMADS8-C expression levels were observed in the transgenic plants with altered phenotypes compared with the transgenic plants with wild-type-like phenotypes ( Supplementary Fig. S2B , C). This result confirmed that the phenotypes observed in the 35S::OMADS8-PI and 35S::OMADS8-C transgenic Arabidopsis plants were due to the ectopic expression of the transgenes.
The ectopic expression of OMADS8 completely rescued the pi phenotype in the pi-1 mutants
To explore further the function of OMADS8, 35S::OMADS8 was transformed into the pi-1 plants for complementation analysis. The pi-1 mutants converted the second whorl petal into a short sepal structure (1 mm) and the third flower whorl stamen into a carpel structure ( Fig. 3A-C) (Bowman et al. 1989 , Jack et al. 1992 , Goto and Meyerowitz 1994 .
A total of 10 out of 17 independent 35S::OMADS8/pi-1 transgenic Arabidopsis plants showed identical rescued phenotypes during reproductive development. In these 35S::OMADS8 transgenic pi-1 plants, the defects in the second whorl petal and the third whorl stamen formation were fully rescued ( Fig. 3D-G) . The cell morphology of the epidermal cells ( Fig. 4A-6 ) and the length (2.1 mm) (Figs. 3E, F, 4C) of the second whorl petal were identical to those of the wild-type petal ( Fig. 2A -5, C) and different from those of the second whorl short sepal-like structure (1 mm) in the pi-1 mutant (Figs. 3B, -C, 4A-5, C). The fully restored third whorl stamen contained anthers with normal pollen development (Fig. 3E, G) . Additionally, a similarly strong conversion of the first whorl green sepal into a wellexpanded green/white petal-like structure (2.1 mm) similar to the observations in the 35S::OMADS8 plants ( Fig. 1D-F ) was observed in these 35S::OMADS8/pi-1 flowers (Figs. 3D-F, 4A-2, B). This result confirmed that the orchid PI ortholog OMADS8 could completely complement the function of the Arabidopsis PI in regulating petal and stamen formation. qPCR analysis indicated that higher OMADS8 expression levels were observed in the transgenic plants with a strong Supplementary Fig. S2D ). This result confirmed that the rescue phenotypes observed in the 35S::OMADS8/pi-1 transgenic Arabidopsis plants were due to the ectopic expression of the OMADS8 gene.
The ectopic expression of truncated OMADS8 with deletion of the C-terminal sequence or PI motif significantly reduced the ability to rescue the pi phenotype in the pi-1 mutants
To investigate further the function of the C-terminal region, two truncated versions of OMADS8 (OMADS8-PI and OMADS8-C) were transformed into the pi-1 mutants for functional complementation analysis. A total of five out of 25 independent 35S::OMADS8-PI/pi-1 transgenic Arabidopsis plants showed partial rescued phenotypes. Compared with the full-length OMADS8 that completely restored petal and stamen formation in the pi-1 mutant ( Fig. 3D-G ), OMADS8-PI rescued the petal and stamen formation in the pi-1 mutants in a relatively weak manner ( Fig. 3H-J) . The short second whorl green sepal-like structure (1 mm) was only partially rescued to a green/white petal structure that was approximately 1.1 mm in length (Figs. 3I, J, 4C) and was clearly shorter than the 35S::OMADS8/ pi-1 and wild-type flowers, which were approximately 2.1 mm in length (Figs. 3F, 4C). The cell morphology of the epidermal cells of the short second whorl petal ( Fig. 4A-7 ) was transformed into a morphology similar to that of the wild-type petal ( Fig. 2A-5 ) and different from the second whorl short sepal-like structure in the pi-1 mutants ( Fig. 4A-5 ). The third whorl stamen structure was partially restored to a stamen-like structure that contained the filament and anther without further pollen development (Fig. 3I, J) and was clearly different from the third whorl stamen in the 35S::OMADS8/pi-1 (Fig. 3E, G) and wild-type flowers (Fig. 1B) . Compared with full-length OMADS8, OMADS8-PI caused only a very weak effect on the first whorl sepal in the pi-1 mutants because only a small white portion was observed in the sepals (Fig. 3H-J) . These sepals were a similar length (1.5 mm) to the wild-type sepals (1.5 mm) (Fig. 4B) . The cell morphology of the epidermal cells in the white portion of these first whorl sepals (Fig. 4A-3 ) was partially converted into a morphology similar to the wild-type petal epidermal cells ( Fig. 2A-5 ). qPCR analysis indicated that higher OMADS8-PI expression levels were observed in the transgenic pi-1 plants with a rescued phenotype compared with the transgenic plants with pi-like phenotypes ( Supplementary Fig. S2E ).
For the 35S::OMADS8-C construct, 27 independent transgenic Arabidopsis pi-1 plants were obtained. All of these plants showed a similar phenotype to the pi-1 mutants, and no rescue of either the petals or stamen was observed (Fig. 3K-M) . The length and cell morphology of the epidermal cells for the first whorl sepal and second whorl sepal-like structure in the 35S::OMADS8-C/pi-1 flowers were identical to those of the pi-1 mutants (Fig. 4A-4, -8 , B, C). Further analysis indicated that both high and low OMADS8-C expression levels were observed in the transgenic pi-1 plants without a rescued phenotype ( Supplementary  Fig. S2F ). This result supports the inability of OMADS8-C to rescue the pi-1 mutant phenotype.
Deletion of the C-terminal sequence or PI motif reduced the ability of OMADS8 to form heterodimers with AP3 proteins OMADS8 cannot form homodimers (Chang et al. 2010) . Because OMADS8 could fully restore petal and stamen formation in the pi-1 mutants, we investigated the possible interaction between OMADS8 and the Arabidopsis B functional proteins AP3 and PI. To that aim, a yeast two-hybrid analysis was performed. As shown in Fig. 5A , OMADS8 formed heterodimers with AP3, whereas the Oncidium AP3 orthologs OMADS3/5/9 could not form heterodimers with AP3. In contrast, OMADS8 did not form heterodimers with PI, whereas the Oncidium AP3 homologs OMADS3/5/9 formed strong heterodimers with PI (Fig. 5A ). This result indicated that the ability of OMADS8 to rescue the petal/stamen defects in the pi-1 mutants was due to its ability to form OMADS8/AP3 heterodimers in transgenic Arabidopsis plants. To confirm this hypothesis, we transformed 35S::OMADS8 into Arabidopsis ap3-3 single and ap3-3/pi-1 double mutants for complementation analysis. The results indicated that neither the ap3-3 ( Supplementary Fig. S3A-C) nor the ap3-3/pi-1 ( Supplementary Fig. S3D-I ) mutant phenotypes could be rescued by 35S::OMADS8. Therefore, OMADS8 rescued the pi-1 mutants by interacting with AP3 to form heterodimers in transgenic Arabidopsis plants.
To determine whether the reduced ability of OMADS8-PI or OMADS8-C to rescue the pi-1 mutants was correlated with the reduced binding activity of OMADS8-PI and OMADS8-C for AP3, a similar yeast two-hybrid analysis was performed. The results clearly indicated that the ability to form OMADS8-PI/ AP3 and OMADS8-C/AP3 heterodimers was reduced to 80% and 50% of the ability to form OMADS8/AP3 heterodimers, respectively (Fig. 5B) . This result indicated that the C-terminus and PI motif of OMADS8 contributed to the ability of OMADS8 to bind to AP3 and influenced its ability to complement the function of PI to control petal/stamen formation in Arabidopsis. The nuclear entry efficiency of the OMADS8/ AP3 complex was reduced following deletion of the C-terminal sequence or PI motif To verify the relationship between OMADS8 and AP3, the fluorescence resonance energy transfer (FRET) technique was applied to calculate the protein interaction level and nuclear entry efficiency of these two proteins. Non-fusion cyan fluorescent protein (CFP) and yellow fluorescent protein (YFP) were used as negative controls (Fig. 6A, column 4) . AP3:CFP and OMADS8:YFP showed a high FRET efficiency (65%) in the nucleus (Fig. 6A, column 1) , which was similar to the values obtained for AP3:CFP and PI:YFP (Fig. 6A, column 5 ). This result indicated the high efficiency of heterodimer formation and nuclear entry of OMADS8/AP3. The AP3/OMADS8-PI heterodimers (AP3:CFP and OMADS8-PI:YFP) were detected with a FRET efficiency of approximately 51% (Fig. 6A, column 2) , which was lower (approximately 78%) than the efficiencies obtained for AP3:CFP and OMADS8:YFP (Fig. 6A, column 1) . Furthermore, the FRET efficiency for the AP3/OMADS8-C (AP3:CFP and OMADS8-C:YFP) heterodimers was Miller (1992) . Yeast cells that were transformed with OMADS9, 8, 5 and 3 in the activation domain plasmid (AD) alone were used as controls for the background activity. (B) b-Galactosidase activity in yeast cells that were transformed with combinations of AP3 in the binding domain plasmid (BD, Bait) and the PI, OMADS8 (O8), OMADS8-PI (O8-PI) and OMADS8-C (O8-C) in the activation domain plasmid (AD, Prey) was calculated according to Miller (1992) . Yeast cells that were transformed with PI, OMADS8, OMADS8-PI and OMADS8-C in the activation domain plasmid (AD) alone were used as controls for the background activity. Yeast cells that were transformed with vectors (pGBKT7 + pGADT7) only in (A) and (B) were used as a negative control. The asterisks indicate a significant difference from the OMADS8 (O8) value (P < 0.05). Fig. 6 The detection of the interaction for OMADS8, OMADS8-PI, OMADS8-C and PI with AP3 proteins by FRET. (A) In the top image, four channels were exhibited in FRET imaging. Different ectopic protein compositions in the CyPet-(AP3) and YPet-[OMADS8 (O8), OMADS8-PI (O8-PI), OMADS8-C (O8-C) and PI] fused protein pairs were expressed in tobacco cells, and the fluorescence signals were detected in the nucleus with a confocal microscope. The CFP and YFP channels were excited with 440 nm and 515 nm lasers respectively, and these two channels were approximately 38% (Fig. 6A, column 3) , which was much lower (approximately 60%) than the values obtained for AP3:CFP and OMADS8:YFP (Fig. 6A, column 1) . Therefore, the C-terminus and PI motif of OMADS8 were also important for the ability of the OMADS8/AP3 heterodimers to enter the nucleus and control petal/stamen formation in transgenic Arabidopsis.
The efficiency of nuclear entry by the OMADS8/ OMADS5 and OMADS8/OMADS9 complexes was slightly affected by the deletion of the C-terminal sequence or PI motif
In O. Gower Ramsey, the AP3/DEF-like gene OMADS5 was specifically expressed in the petals/sepals, while OMADS9 was specifically detected at high levels in the lips/petals (Chang et al. 2010 , Hsu et al. 2015 . In contrast, OMADS3 was expressed in the roots, leaves and all perianths without a notable pattern (Chang et al. 2010 , Hsu et al. 2015 . This result indicated that OMADS5 and OMADS9 (but not OMADS3) were probably the natural partners of the AP3 protein, thereby allowing OMADS8 to participate in the specification of lip and sepal/petal formation in the Oncidium orchid (Hsu et al. 2015) . Thus, the AP3 proteins OMADS5 and OMADS9 were used in this study to explore their relationship with OMADS8 further using the FRET technique in order to calculate the protein interaction level and nuclear entry efficiency of these protein complexes. OMADS8:CFP and OMADS5:YFP showed high FRET efficiency (62%) in the nucleus (Fig. 7, column 1 ), which were similar to the values obtained for AP3:CFP and PI:YFP (Fig. 6A,  column 5 ). This result indicated the high efficiency of OMADS8/OMADS5 heterodimer formation and nuclear entry. The OMADS8-PI/OMADS5 (OMADS8-PI:CFP and OMADS5:YFP) and OMADS8-C/OMADS5 (OMADS8-C:CFP and OMADS5:YFP) heterodimers were detected with FRET efficiency values of approximately 57% (Fig. 7 , column 2) and 52% (Fig. 7, column 3) , respectively, which were slightly lower than the values obtained for OMADS8:CFP and OMADS5:YFP (Fig. 7, column 1) . Furthermore, the FRET efficiency values for the OMADS8-PI/OMADS9 (OMADS8-PI:CFP and OMADS9:YFP) and OMADS8-C/OMADS9 (OMADS8-C:CFP and OMADS9:YFP) heterodimers were approximately 48% (Fig. 7 , column 5) and 47% (Fig. 7, column 6) , respectively, which were also slightly lower than the values obtained for OMADS8:CFP and OMADS9:YFP (52%) (Fig. 7, column 4) . This result indicated that the C-terminus and PI motif of OMADS8 might have less of an effect on the ability of the OMADS8/OMADS5 and OMADS8/OMADS9 heterodimers to enter the nucleus compared with the OMADS8/AP3 heterodimer in Arabidopsis.
The stability of the OMADS8/OMADS5 and OMADS8/OMADS9 complexes was reduced by deletion of the C-terminal sequence or PI motif Next, we tested the stability of the OMADS8/OMADS5 and OMADS8/OMADS9 complexes in the nucleus using Agrobacterium infiltration of OMADS8:YFP and unlabeled OMADS5 or OMADS9 into tobacco leaves. Two days after infiltration, OMADS8:YFP/OMADS5 (Fig. 8A-1, -4 , D column 1) and OMADS8:YFP/OMADS9 (Fig. 8B-1, -4, D column 4) showed a high percentage (89% and 93%, respectively) of YFP signal in the nucleus that was similar to the results obtained for PI:YFP-AP3 (89%) (Fig. 8C-1, -2, D column 7) . This result indicated that the stability of the OMADS8/OMADS5 and OMADS8/OMADS9 heterodimers remaining in the nucleus was similar to that of PI/AP3. The YFP signal of the OMADS8-PI:YFP/OMADS5 and OMADS8-C:YFP/OMADS5 heterodimers in the nucleus of leaf cells was detected with values of approximately 65% ( Fig. 8A-2 , -5, D column 2) and 70% ( Fig. 8A-3 , -6, D column 3), respectively, which were reduced to approximately 75% of the values obtained for OMADS8:YFP/OMADS5 (Fig. 8A-1 , -4, D column 1) and PI:YFP-AP3 (Fig. 8C-1, -2, D column 7) . Similarly, the YFP signal of the OMADS8-PI:YFP/OMADS9 and OMADS8-C:YFP/ OMADS9 heterodimers in the nucleus of leaf cells was detected with values of approximately 64% (Fig. 8B-2 , -5, D column 5) and 65% (Fig. 8B-3 , -6, D column 6), respectively, which were also reduced to approximately 70% of the values obtained for OMADS8:YFP-OMADS9 (Fig. 8B-1, -4 , D column 4) and PI:YFP-AP3 (Fig. 8C-1, -2, D column 7) . This result indicated that the C-terminus and PI motif of OMADS8 were important for the stabilization of the OMADS8/OMADS5 and OMADS8/ OMADS9 protein complexes in Oncidium orchids.
The nuclear entry efficiency of the OMADS8/AG complex was not affected by deletion of the Cterminal sequence or PI motif 35S:OMADS8 could rescue not only petal formation but also stamen formation in the pi-1 mutants. B functional proteins have been proposed to co-operate with AG to form a higher order complex that regulates stamen formation (Honma and Goto 2001 , Theissen and Saedler 2001 , Kaufmann et al. 2005 , Smaczniak et al. 2012 . To verify the relationship between OMADS8 and AG, the FRET technique was applied to calculate the protein interaction level and nuclear entry efficiency of these two proteins. In the presence of the AP3 and SEP3 proteins, OMADS8:CFP and AG:YFP showed a FRET efficiency of 39% in the nucleus (Fig. 9A, column 1) , which was . The asterisks indicate a significant difference from the AP3/PI value (P < 0.01). (B) Schematic model for the protein interaction combination for OMADS8/PI, AP3, AP1 and E proteins. PI/AP3 and OMADS8/AP3 interact with the E/AP1 proteins to form a tetrameric complex (B-1, -2). The efficiency of the formation of this heterotetrameric complex is reduced to 78% and 60% when OMADS8 is replaced by OMADS8-PI (B-3) and OMADS8-C (B-4), respectively. The short red lines represent the interaction of PI or OMADS8 with AP3 mainly through the C-terminal region.
approximately 60% of the efficiency of PI:CFP and AG:YFP (Fig.  9A, column 4) . This result indicated that OMADS8/AG could form tetramers with AP3/SEP3 and enter the nucleus; however, the efficiency was reduced compared with PI/AG with AP3/ SEP3. Interestingly, the FRET efficiency for the OMADS8-PI/ AG (OMADS8-PI:CFP and AG:YFP) and OMADS8-C/AG (OMADS8-C:CFP and AG:YFP) heterodimers in the presence of AP3/SEP3 was approximately 39-35% (Fig. 9A , columns 2 and 3), which was the same as the efficiency obtained for OMADS8/AG (Fig. 9A, column 1) . In the absence of the AP3 and SEP3 proteins, the FRET efficiency for OMADS8:CFP/ AG:YFP, OMADS8-PI:CFP/AG:YFP and OMADS8-C:CFP/ Fig. 7 The detection of the interaction for OMADS8, OMADS8-PI and OMADS8-C with OMADS5/9 proteins by FRET. In the top image, four channels were exhibited in FRET imaging. Different ectopic protein compositions in the CyPet-[OMADS8 (O8), OMADS8-PI (O8-PI) and OMADS8-C (O8-C)] and YPet-[OMADS5 (O5) and OMADS9 (O9)] fused protein pairs were expressed in tobacco cells, and the fluorescence signals were detected in the nucleus with a confocal microscope. The CFP and YFP channels were excited with 440 nm and 515 nm lasers respectively, and these two channels were used to calculate the raw FRET signal. Finally, the raw FRET values were divided by the CFP signals to calculate the FRET efficiency. The average FRET efficiency values (bottom) were quantified in multiple samples (n > 4). The empty CyPet and YPet protein pairs were used as a FRET signal control. Image frame = 20 Â 20 mm 2 . The asterisks indicate a significant difference from the OMADS8/5 or OMADS8/9 value (P < 0.05). Fig. 8 The detection of the stability for protein complexes of OMADS8, OMADS8-PI and OMADS8-C with OMADS5/OMADS9 and PI with AP3. (A) In the left images (A-1 to A-3), different ectopic protein compositions in the YPet-fused [OMADS8 (O8), OMADS8-PI (O8-PI) and OMADS8-C (O8-C)] and unlabeled OMADS5 (O5) protein pairs were expressed in tobacco cells by Agrobacterium infiltration, and the YFP signal (green spots) was detected in the nucleus with a confocal microscope 2 d after infiltration. The right images (A-4 to A-6) which showed the independent epidermal cells were the corresponding transmission light images merged with YFP signal for A-1 to A-3. Scale bar = 50 mm. (B) AG:YFP (Fig. 9A , column 5-7) reached low levels similar to the non-fusion CFP and YFP negative controls (Fig. 9A, column 8 ). This result indicated that the C-terminus and PI motif of OMADS8 did not influence the ability of OMADS8/AG heterodimers to enter the nucleus and control stamen formation in Arabidopsis.
The nuclear entry efficiency of the OMADS8/ OMADS4 (AG ortholog) complex was not affected by deletion of the C-terminal sequence or PI motif
To explore further the relationship between OMADS8 and its natural partner AG protein OMADS4, the FRET technique was applied to calculate the protein interaction level and nuclear entry efficiency of these two proteins. In the presence of the OMADS9 (AP3 ortholog) and OMADS6 (SEP3 ortholog) proteins, OMADS8:CFP and OMADS4:YFP showed a FRET efficiency of 44% in the nucleus (Fig. 10, column 1) , which was approximately 64% of the efficiencies of PI:CFP and AG:YFP (Fig. 9A, column 4 ). This result indicated that OMADS8/ OMADS4 could form tetramers with OMADS9(AP3)/ OMADS6(SEP3) and enter the nucleus; however, the efficiency was reduced compared with PI/AG with AP3/SEP3. Interestingly, the FRET efficiency for the OMADS8-PI/ OMADS4 (OMADS8-PI:CFP and OMADS4:YFP) and OMADS8-C/OMADS4 (OMADS8-C:CFP and OMADS4:YFP) heterodimers in the presence of OMADS9 (AP3 ortholog) and OMADS6 (SEP3 ortholog) was approximately 42-43% (Fig. 10, columns 2 and 3) , which was the same as the efficiency obtained for OMADS8/OMADS4 (Fig. 10, column 1) . Similar to the results obtained in Arabidopsis, this result indicated that the C-terminus and PI motif of OMADS8 did not influence the ability of the OMADS8/OMADS4 heterodimers to enter the nucleus and control stamen formation in Oncidium orchids.
The downstream genes of AP3/PI were fully and partially regulated in 35S::OMADS8/pi-1 and 35S::OMADS8-PI/pi-1 and not affected in 35S::OMADS8-C/pi-1 plants Because OMADS8 can form a heterodimer with AP3 (Fig. 6) , it is reasonable to assume that OMADS8/AP3 and PI/AP3 regulate similar downstream genes during petal and stamen development. AP3/PI negatively regulates the GNC (GATA, nitrate-inducible, carbon-metabolism-involved) and BANQUO genes [a family of atypical non-DNA binding basic helixloop-helix (bHLH) proteins] in the petals Irish 2008, Mara et al. 2010) . In contrast, the gene At4g30270gene (endo-xyloglucan transferase, Meri-5) is thought to be positively regulated by AP3/PI (Zik and Irish 2003) . To determine whether these genes are also regulated by OMADS8/AP3, the expression of BNQ1, BNQ2, GNC and At4g30270 was analyzed in wild-type, 35S::OMADS8/pi-1 and pi-1 plants. BNQ1, BNQ2 and GNC were expressed at significantly lower levels in the wild-type plants compared with the pi-1 mutants (Fig. 11A-C) . The high expression of these three genes in the pi-1 mutants was clearly suppressed by the ectopic expression of OMADS8 in the 35S::OMADS8/pi-1 plants (Fig. 11A-C) . In contrast, At4g30270 was expressed at significantly higher levels in the wild-type plants compared with the pi-1 mutants (Fig. 11D) . The low expression of At4g30270 in the pi-1 mutants was clearly activated by the ectopic expression of OMADS8 in the 35S::OMADS8/pi-1 plants (Fig. 11D) . These results indicated that OMADS8 interacted with AP3 to regulate the same downstream genes in a manner similar to the control of petal/stamen formation by PI/AP3.
To determine whether the C-terminal sequence or PI motif influenced the ability of OMADS8/AP3 to regulate the expression of BNQ1, BNQ2, GNC and At4g30270 and to affect the ability of OMADS8 to rescue the pi-1 mutants, the expression of these genes was analyzed in the 35S::OMADS8-PI/pi-1 and 35S::OMADS8-C/pi-1 plants. The results indicated that the expression of BNQ1, BNQ2 and GNC was either partially (BNQ2, GNC) (Fig. 11B, C) or equally (BNQ1) (Fig. 11A) suppressed in the pi-1 mutants by 35S::OMADS8-PI compared with their expression levels in the 35S::OMADS8/pi-1 plants (Fig. 11A-C) . In contrast, At4g30270 expression was partially (approximately 60%) up-regulated (Fig. 11D) in the pi-1 mutants by 35S::OMADS8-PI compared with its expression in the 35S::OMADS8/pi-1 plants (Fig. 11D) .
In the 35S::OMADS8-C/pi-1 plants, the expression of BNQ1, BNQ2 and GNC was not suppressed by 35S::OMADS8-C (Fig. 11A-C) . At4g30270 expression was almost unaffected (Fig. 11D) in the pi-1 mutants by 35S::OMADS8-C compared with the pi-1 mutants (Fig. 11D) . These results indicated that the C-terminus of OMADS8 was indispensable for the ability of OMADS8/AP3 to regulate the expression of the downstream target genes. The PI motif of OMADS8 was important but not essential for the ability of OMADS8/AP3 to regulate the In the left images (B-1 to B-3), different ectopic protein compositions in the YPet-fused [OMADS8 (O8), OMADS8-PI (O8-PI) and OMADS8-C (O8-C)] and unlabeled OMADS9 (O9) protein pairs were expressed in tobacco cells by Agrobacterium infiltration, and the YFP signal (green spots) was detected in the nucleus with a confocal microscope 2 d after infiltration. The right images (B-4 to B-6) which showed the independent epidermal cells were the corresponding transmission light images merged with YFP signal for B-1 to B-3. Scale bar = 50 mm. (C) In the left images (C-1), ectopic proteins in the YPet-PI and unlabeled AP3 protein pairs were expressed in tobacco cells by Agrobacterium infiltration, and the YFP signal (green spots) was detected in the nucleus with a confocal microscope 2 d after infiltration. The right images (C-2) which showed the independent epidermal cells were the corresponding transmission light images merged with YFP signal for C-1. Scale bar = 50 mm. (D) The statistical analysis of the percentage for the nuclei with the YFP signal among the total cells observed from OMADS8:YFP/OMADS5 (column 1), OMADS8-PI:YFP/OMADS5 (column 2) and OMADS8-C:YFP/ OMADS5 (column 3) in (A); OMADS8:YFP/OMADS9 (column 4), OMADS8-PI:YFP/OMADS9 (column 5) and OMADS8-C:YFP/OMADS9 (column 6) in (B); PI:YFP/AP3 (column 7) in (C). The average percentage was taken from five measurements for each protein pair and is shown at the top of the columns. The asterisks indicate a significant difference from the PI/AP3 value (P < 0.01). Fig. 9 The detection of the interaction of OMADS8, OMADS8-PI, OMADS8-C and PI with AG proteins by FRET. (A) In the top image, four channels were exhibited in FRET imaging. Different ectopic protein compositions in the CyPet-[OMADS8 (O8), OMADS8-PI (O8-PI), OMADS8-C (O8-C) and PI] and YPet-(AG) fused protein pairs were expressed in tobacco cells with or without the addition of the unlabeled AP3/SEP3 expression of the downstream target genes and control petal/ stamen formation in transgenic Arabidopsis.
Discussion
To investigate the role of the conserved motifs in the C-terminal region of B class MADS box genes in the regulation of flower development, the orchid (O. Gower Ramsey) PI ortholog OMADS8 was characterized in this study. Through functional complementation analysis, we found that the deletion of 16 amino acids of the PI motif (OMADS8-PI) caused a partial loss of the ability to rescue petal and stamen formation for pi-1 mutants and also gradually reduced the ability of OMADS8-PI/AP3 to form heterodimers and enter the nucleus. Furthermore, in contrast to the full restoration of the normal expression of genes downstream of AP3/PI (BNQ1, BNQ2, GNC and At4g30270) (Mara and Irish 2008 , Mara et al. 2010 , Zik and Irish 2003 in the 35S::OMADS8/pi-1 plants, OMADS8-PI only partially restored their expression. Therefore, the partial rescue of the Arabidopsis pi-1 mutants by OMADS8-PI was clearly due to the combination of three factors: the reduced ability to form OMADS8-PI/AP3, the reduced nuclear entry efficiency of OMADS8-PI/AP3 and the reduced ability to regulate the downstream target genes. These results clearly indicated that the PI motif of OMADS8 was important but not essential for the ability of OMADS8 to control petal/stamen formation.
The truncation of the 29 amino acids in the C-terminal region (OMADS8-C) resulted in a complete loss of the ability to rescue petal and stamen formation in the pi-1 mutants. However, OMADS8-C only gradually reduced the ability of OMADS8-C/AP3 to form heterodimers and enter the nucleus. When the expression of BNQ1, BNQ2, GNC and At4g30270 was analyzed in the 35S::OMADS8-C/pi-1 plants, these genes showed expression levels similar to those in the pi-1 mutants and different from their expression levels in the wild-type plants. This result clearly indicated that the unstable OMADS8-C/AP3 heterodimers not only entered the nucleus with a low efficiency but also completely lost their ability to regulate downstream genes. Thus, the abolishment of the ability of OMADS8-C/AP3 to regulate downstream target genes was the major and determining factor underlying the complete loss of the ability of OMADS8 to complement PI function. Therefore, the Cterminal region of OMADS8 is indispensable for the ability of OMADS8 to control petal/stamen formation.
To explore further the function of the conserved motifs in the C-terminal regions of OMADS8 in Oncidium orchids, we tested the interaction between OMADS8 and its natural partner AP3 orthologs OMADS5 and OMADS9 using FRET analyses. The results indicated a slight but not significant decrease in the nuclear entry efficiency of OMADS8-PI/OMADS5/9 and OMADS8-C/OMADS5/9 compared with OMADS8/OMADS5/ 9. This result indicated that the C-terminal sequence and PI motif of OMADS8 may have less of an effect on the nuclear entry efficiency for the Oncidium OMADS8/OMADS5 or OMADS8/OMADS9 complexes than for the Oncidium/ Arabidopsis OMADS8/AP3 complex. Thus, the interaction between OMADS8 and OMADS5/9 in Oncidium orchids may rely on other regions of the protein more than the C-terminal sequence of OMADS8.
We verified a possible role for the OMADS8 C-terminal regions in the maintenance of the stability of the OMADS8/ OMADS5 and OMADS8/OMADS9 complexes in the nucleus using Agrobacterium infiltration of OMADS8 (or OMADS8-PI or OMADS8-C):YFP and unlabeled OMADS5 or OMADS9 into tobacco leaves. The result indicated that the stability of the YFP signal for the OMADS8-PI:YFP/OMADS5 and OMADS8-C:YFP/ OMADS5 heterodimers was reduced to approximately 75% of the signal obtained for OMADS8:YFP/OMADS5 and PI:YFP-AP3. Similarly, the YFP signal for the OMADS8-PI:YFP/ OMADS9 and OMADS8-C:YFP/OMADS9 heterodimers in the nuclei of leaf cells was also reduced to approximately 70% of the signal obtained for OMADS8:YFP-OMADS9 and PI:YFP-AP3. These results indicated that the C-terminus and PI motif of OMADS8 were important for the stabilization of the OMADS8/OMADS5 and OMADS8/OMADS9 protein complexes in Oncidium orchids.
In contrast to the different strengths of the interactions of OMADS8, OMADS8-PI and OMADS8-C with AP3, these three forms of OMADS8 interacted with the C functional protein AG in the presence of AP3/SEP3 and entered the nucleus with a similar efficiency. Similarly, we also found that OMADS8, OMADS8-PI and OMADS8-C interacted with the Oncidium C functional protein OMADS4 in the presence of OMADS9(AP3)/ OMADS6(SEP3) and entered the nucleus with a similar efficiency. These results indicated that the PI motif and C-terminus of OMADS8 did not participate in the interaction of OMADS8 with either Arabidopsis AG or the Oncidium AG ortholog OMADS4.
Based on the floral quartet model, the MADS complex controlling petal development consists of one AP3, one PI and two E/AP1 class proteins (Fig. 6B-1 ) , Smaczniak et al. 2012 . Therefore, the most likely higher order heterotetrameric complex for the Fig. 9 Continued proteins, and the fluorescence signals were detected in the nucleus with a confocal microscope. The CFP and YFP channels were excited with 440 nm and 515 nm lasers respectively, and these two channels were used to calculate the raw FRET signal. Finally, the raw FRET values were divided by CFP signals to calculate the FRET efficiency. The average FRET efficiency values (bottom) were quantified in multiple samples (n > 4). Image frame = 20 Â 20 mm 2 . The asterisks indicate a significant difference from the OMADS8/AG/AP3/SEP3 value (P < 0.01). (B) Schematic model for the protein interaction combination of the OMADS8/PI, AP3, AG and E proteins. PI/AP3 interacts with the AG/E proteins to form a tetrameric complex (B-1). The efficiency of formation of this heterotetrameric complex is reduced to 60% when PI was replaced by OMADS8 (B-2), OMADS8-PI (B-3) and OMADS8-C (B-4), respectively. The short black lines represent the interaction of PI, OMADS8, OMADS8-PI or OMADS8-C with AG through the regions excluding the C-terminus. participation of OMADS8 in petal formation in transgenic Arabidopsis is the AP1/E/AP3/OMADS8 heteromeric complex composed of one AP3/OMADS8 heterodimer and one AP1/E heterodimer protein (Fig. 6B-2) . In this complex, the PI motif and the 29 amino acids in the C-terminus of OMADS8 should play major roles in the interaction of OMADS8 with AP3 to form heterodimers ( Fig. 6B-2, -3, -4) . In Oncidium orchids, OMADS8 has been shown to form two different heteromeric complexes with the A/E protein OAGL6 orthologs [OMADS7 (renamed OAGL6-1) and OMADS1 (renamed OAGL6-2)] and the AP3 orthologs (OMADS5 and OMADS9) to control petal/ sepal and lip formation (Hsu et al. 2015) . The higher order heterotetrameric SP (sepal/petal) complex (OMADS5/ OAGL6-1/OAGL6-1/OMADS8) specifies sepal/petal formation, whereas the L (lip) complex (OMADS9/OAGL6-2/OAGL6-2/ OMADS8) is exclusively required for lip formation (Hsu et al. 2015) . Based on the results obtained in this study, the Cterminus and PI motif may have less of an effect on the interaction of OMADS8 with OMADS5/9 and are more important for the stabilization of OMADS8/OMADS5 and OMADS8/ OMADS9 in the L and SP protein complexes in Oncidium orchids.
For stamen formation, OMADS8 could form heteromeric higher order MADS domain protein complexes with AP3 and AG-E heterodimers (Fig. 9B) . The most likely relative position of PI in this complex is next to AP3 and AG and diagonally opposite the E protein ( Fig. 9B-1) (Smaczniak et al. 2012 , Hsu et al. 2014 . Based on our results, E/AG-OMADS8/ AP3 heteromeric complexes should participate in stamen development in transgenic Arabidopsis (Fig. 9B-2) . In this complex, the 29 amino acids in the C-terminus of OMADS8 should be in a major interaction region for OMADS8 with AP3, whereas the other region (outside of these 29 amino acids) is responsible for the interaction of OMADS8 with AG ( Fig. 9B-2, -3, -4) . In Oncidium orchids, OMADS8 should form heteromeric complexes with the E protein, AP3 orthologs (OMADS5/9) and AG ortholog (OMADS4) to control stamen formation that are similar to the complexes in transgenic Arabidopsis. Based on the results obtained in this study, the OMADS8 PI motif and C-terminus should also play very minor roles in the interaction with OMADS4 similar to those speculated for OMADS8 and Arabidopsis AG. The interaction of OMADS8 with OMADS4 should rely on regions other than the PI motif and C-terminus of OMADS8 in Oncidium orchids.
In summary, one PI ortholog of the B class MADS box gene OMADS8 that regulates flower development in the Oncidium orchids was characterized. The differential ability of OMADS8, OMADS8-PI and OMADS8-C to rescue Arabidopsis pi-1 mutants, interact with AP3, enter the nucleus and regulate downstream target genes suggests a valuable role for the 29 amino acids (including the PI motif ) in the C-terminal region in the function of OMADS8 in transgenic Arabidopsis. The C-terminus and PI motif of OMADS8 may play an additional important role in the stabilization of the OMADS8/OMADS5 and OMADS8/OMADS9 protein complexes in Oncidium orchids. However, the C-terminus and PI motif of OMADS8 are dispensable for the interaction of OMADS8 with the C functional AG orthologs in both Arabidopsis and Oncidium orchids in regulating stamen formation during evolution. Fig. 10 The detection of the interaction of OMADS8, OMADS8-PI and OMADS8-C with Oncidium AG ortholog OMADS4 proteins by FRET. In the top image, four channels were exhibited in FRET imaging. Different ectopic protein compositions in the CyPet-[OMADS8 (O8), OMADS8-PI (O8-PI) and OMADS8-C (O8-C)] and YPet-[OMADS4 (O4)] fused protein pairs were expressed in tobacco cells with the addition of the unlabeled OMADS9 (O9) (AP3 ortholog) and OMADS6 (O6) (SEP3 ortholog) proteins, and the fluorescence signals were detected in the nucleus with a confocal microscope. The CFP and YFP channels were excited with 440 nm and 515 nm lasers respectively, and these two channels were used to calculate the raw FRET signal. Finally, the raw FRET values were divided by CFP signals to calculate the FRET efficiency. The average FRET efficiency values (bottom) were quantified in multiple samples (n > 4). Image frame = 20 Â 20 mm
Materials and Methods
Plant materials and growth conditions
Plants of orchid (Oncidium Gower Ramsey) used in this study were grown in the field in Nan-Tou, Taiwan. The Arabidopsis pi-1 mutant line (CS77) and ap3-3 mutant line (CS3086) in the Landsberg background were obtained from the Arabidopsis Biological Resource Center. To generate 35S::OMADS8/ap3-3/pi-1 Arabidopsis, 35S::OMADS8 was transformed into the ap3-3/AP3-pi-1/PI double heterozygous plants. One in 16 of the transgenic plants that were resistant to kanamycin were 35S::OMADS8/ap3-3/pi-1 and were selected for further analysis. Seeds for Arabidopsis were germinated and grown as described previously (Chang et al. 2010 , Chen et al. 2012 ).
Construction of OMADS8 with deletion sequences from O. Gower Ramsey
The cDNA constructs containing the truncated C-terminal 29 amino acid or PI motif of OMADS8 (OMADS8-C or OMADS8-PI) were obtained by PCR amplification using the forward primer (5 0 -GGATCCATGGGGCGCGGAAAGATAG-3 0 ) and two reverse primers with TAA stop codons (bold) (5 0 -GTCGACTTATCCGATATC CAGTTCTCTCATG-3 0 and 5 0 -GTCGACTTACTGAGCTGCATATTCCCTATC-3 0 for OMADS8-C and OMADS8-PI, respectively). The specific forward and reverse primers for OMADS8-C and OMADS8-PI contained the generated BamHI (5 0 -GGA TCC-3 0 , underlined) and SalI (5 0 -GTCGAC-3 0 , underlined) recognition site to facilitate the cloning of the truncated cDNA.
Quantitative real-time PCR
For qPCR, the reaction was performed on an MJ Opticon system (MJ Research) using SYBER Green Real-time PCR Master Mix (Toyobo Co., Ltd.). The amplification condition was 95 C for 10 min, followed by 40 cycles of amplification (95 C for 15 s, 58 C for 15 s, 72 C for 30 s and then plate reading) and melting (50-95 C with plate readings every 1 C). OMADS8 primers (5 0 -GATGCGAAAC ACGAGAACTTG-3 0 ) and (5 0 -TTATCCCGAACACCAGTAAGC-3 0 ) were used in OMADS8 transgenic Arabidopsis. The primers for BNQ1 were (5 0 -TTCAAGTGC TCCAAGGATCTCC-3 0 ) and (5 0 -ACGCTCGCTCAGATTGTCAAC-3 0 ); those for BNQ2 were (5 0 -GCTCCGACAGTCCATTCCG-3 0 ) and (5 0 -GCTTCCTTGTTCAA GTTTCTTATGTAG-3 0 ); those for GNC were (5 0 -CCATCACGAACAACCCTT TTTC-3 0 ) and (5 0 -TCCACCGTTAGCCACAAACATC-3 0 ); and those for At4g30270 were (5 0 -GCTTGTTCCTGGTAACTCTGC-3 0 ) and (5 0 -GAATTGTTG CTCTTTGTCACCTTTAC-3 0 ). The Arabidopsis housekeeping gene UBQ10 was used as normalization control with the following primers: UBQ10-F (5 0 -CTCAG GCTCCGTGGTGGTATG-3 0 ) and UBQ10-4-2 (5 0 -GTGATAGTTTTCCCAGTCA ACGTC-3 0 ). The data were analyzed using the Gene Expression Macro software (version 1.1, Bio-Rad).
Plant transformation and transgenic plant analysis
The cDNAs of OMADS8, OMADS8-PI and OMADS8-C were cloned into binary vector pBImGFP1 (Peng et al. 2013) under the control of the CaMV 35S promoter. These constructs were transformed into Arabidopsis plants using the floral dip method as described elsewhere (Clough and Bent 1998). Fig. 11 Analysis of the expression levels of the genes that were regulated by AP3/PI in the wild-type and pi-1 mutant plants that were transformed by various forms of OMADS8 in Arabidopsis. The mRNA accumulation of BNQ1 (A), BNQ2 (B), GNC (C), the genes that were down-regulated by AP3/PI, and At4g30270 (D), the gene that was up-regulated by AP3/PI, was determined by qPCR. Total RNA was isolated from the flowers of one strongly complementary 35S::OMADS8/pi-1 (O8/pi) plant, of one complementary 35S::OMADS8-PI/pi-1 (O8-PI/pi) plant, of one 35S::OMADS8-C/pi-1 (O8-C/pi) plant, of one pi-1 mutant plant (pi) and of one wild-type Landsberg plant (WT). The transcript levels of these genes were determined using two to three replicates and were normalized using UBQ10. The expression of each gene was relative to that of the pi-1 mutant plant, which was set at 1. The error bars represent the SD. Each experiment was repeated twice with similar results.
Transformants were selected in medium containing 50 mg ml -1 kanamycin and were further verified by PCR and reverse transcription-PCR analyses.
Yeast two-hybrid analysis
The cDNA truncations without the MADS box regions for OMADS3, OMADS5, OMADS8, OMADS9, OMADS8-C, OMADS8-PI, AP3 and PI were amplified by PCR. The primers for OMADS3 were (5 0 -CCGAATTCATGCCTTCTACAGAAA TCAA-3 0 ) and (5 0 -GCGCGGATCCGATGTTAAATATAT-3 0 ); those for OMADS5 were (5 0 -CATATGTACCAGATTGTAACTGGTAT-3 0 ) and (5 0 -GGATCCCCCAT TAAATACAGCAACAA-3 0 ); those for OMADS8 were (5 0 -CATATGCCATCGAC AACGTTGTCGAAGATGT-3 0 ) and (5 0 -GGATCCACCAACAAGGAGGAGTAC AAT-3 0 ); those for OMADS9 were (5 0 -CATATGACTACTGACACGAAGAGC ATA-3 0 ) and (5 0 -GGATCCTACTCAATGATGATGGTTCGC-3 0 ); those for OMADS8-PI were (5 0 -CATATGATGCCATCGACAACGTTGTC-3 0 ) and (5 0 -GG ATCCTTACTGAGCTGCATATTCCCTATC-3 0 ); those for OMADS8-C were (5 0 -CATATGATGCCATCGACAACGTTGTC-3 0 ) and (5 0 -GGATCCTTATCCGA TATCCAGTTCTCTCATG-3 0 ); those for AP3 were (5 0 -CATATGGCGAGAGGG AAGATC-3 0 ) and (5 0 -GGATCCTTATTCAAGAAGATGGAAGGTAAT-3 0 ); and those or PI were (5 0 -CATATGGGTAGAGGAAAGATCGA-3 0 ) and (5 0 -GGATC CTCAATCGATGACCAAAGACA-3 0 ). Specific 5 0 and 3 0 primers contained the NdeI (5 0 -CATATG-3 0 , underlined) or EcoRI (5 0 -GAATTC-3 0 , underlined) and BamHI (5 0 -GGATCC-3 0 , underlined) recognition sites to facilitate cloning of the cDNAs. PCR fragments were ligated into the plasmid pGBKT7 (binding domain vector) or pGADT7 (activation domain vector) provided by MATCHMAKER Two-Hybrid System 3 (Clontech). Recombinant plasmids were transformed into yeast using the lithium acetate method (Gietz et al. 1992) . The transformants were selected on selection medium according to the manufacturer's instructions. b-Galactosidase activity in the transformants was analyzed as described by Tzeng and Yang (2001) and Chen et al. (2012) , and calculated according to Miller (1992) .
Cryo-scanning electron microscopy
The samples were frozen by liquid nitrogen slush, and then transferred to the sample preparation chamber at -160 C. The samples were etched for 10 min at -85 C. After gold coating, the samples were observed at the cryo-scanning electron microscope (FEI Quanta 200 SEM, Quorum Cryo System PP2000TR FEI; FEI Company).
FRET analysis
The procedure to prepare FRET-associated fusion constructs was described in the previous study (Hsu et al. 2014) . To fuse proteins with CFP or YFP, the cDNAs for OMADS8, OMADS8-PI, OMADS8-C, AP3, PI, AG, OMADS5, OMADS9 and OMADS4 were obtained by PCR amplification using genespecific primers and cloned into pEpyon-36K and pEpyon-37K upstream of the CFP or YFP sequence under the control of the CaMV 35S promoter. The primers for OMADS8 were (5 0 -CCGGATCCATGGGGCGCGGAAAGA-3 0 ) and (5 0 -CCGTCGACCTTGTTTCCCTGCAAGTTGG-3 0 ); those for OMADS8-PI were (5 0 -GGATCCATGGGGCGCGGAAAGATAG-3 0 ) and (5 0 -GTCGACCTGAGCTG CATATTCCCTATC-3 0 ); those for OMADS8-C were (5 0 -GGATCCATGGGGCG CGGAAAGATAG-3 0 ) and (5 0 -GTCGACTCCGATATCCAGTTCTCTCATG-3 0 ); those for AP3 were (5 0 -GGATCCTCATTATATCTCTTGTCCTCTCC-3 0 ) and (5 0 -GGATCCTTCAAGAAGATGGAAGGTAATGAT-3 0 ); those for PI were (5 0 -G GATCCTCTTAACAATTTCATAGCAAACCC-3 0 ) and (5 0 -GGATCCATCGATGA CCAAAGACATAATCT-3 0 ); those for AG were (5 0 -GTCTAGACATGGCGTACC AATCGGAGCTA-3 0 ) and (5 0 -GGTACCCACTAACTGGAGAGCGGTTTG-3 0 ); those for OMADS5 were (5 0 -CCGGATCCATGGGGAGGGGGAAGATA-3 0 ) and (5 0 -CCGTCGACAGAAAGGCTAAGATCATG-3 0 ); those for OMADS9 were (5 0 -CCGGATCCATGGGAAGAGGAAAGATAGAA-3 0 ) and (5 0 -CCGTCGACGG CGAGACGAAGATCATG-3 0 ); and those for OMADS4 were (5 0 -CCTCTAGAA ACATGGAGCCCAAGGAGA-3 0 ) and (5 0 -CCGGTACCCCCAAGCTGCAGAGC-3 0 ). These constructs were transformed into Agrobacterium strain C58C1. For the subcellular localization assay, Agrobacterium-infiltrated Nicotiana benthamiana leaves were vacuumed (putting samples in the vacuum machine to degas the tissues) in 10 mM MgCl 2 at room temperature until immersed. The visualization of fluorophores and the calculation of the raw FRET and FRET efficiency values were performed using a Olympus FV1000 confocal microscope and the soft FV-ASW 3.0 as previously described (Hsu et al. 2014) . The mean value of the FRET efficiency in the nucleus was calculated to evaluate the variation of the protein interaction distances among different protein complexes (n >4).
Supplementary data
Supplementary data are available at PCP online. 
